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The dissociation kinetics of deprotonated deoxyribose nucleotide dimers were measured using
blackbody infrared radiative dissociation. Experiments were performed with noncovalently
bound dimers of phosphate, adenosine (dAMP), cytosine (dCMP), guanosine (dGMP),
thymidine (dTMP), and the mixed dimers dAMP z dTMP and dGMP z dCMP. The nucleotide
dimers fragment through two parallel pathways, resulting in formation of the individual
nucleotide or nucleotide 1 HPO3 ion. Master equation modeling of this kinetic data was used
to determine threshold dissociation energies. The dissociation energy of (dGMP z dCMP 2
H)2 is much higher than that for the other nucleotide dimers. This indicates that there is a
strong interaction between the nucleobases in this dimer, consistent with the existence of
Watson–Crick hydrogen bonding between the base pairs. Molecular mechanics simulations
indicate that Watson–Crick hydrogen bonding occurs in the lowest energy structures of
(dGMP z dCMP 2 H)2, but not in (dAMP z dTMP 2 H)2. The trend in gas phase dissociation
energies is similar to the trend in binding energies measured in nonaqueous solutions within
experimental error. Finally, the acidity ordering of the nucleotides is determined to be dTMP ,
dGMP , dCMP , dAMP, where dAMP has the highest acidity (largest DGacid). (J Am Soc
Mass Spectrom 1999, 10, 1095–1104) © 1999 American Society for Mass Spectrometry
Electrospray ionization (ESI) mass spectrometry(MS) is a powerful technique for obtaining mo-lecular weights and structural information from
biopolymers [1–5]. The application of mass spectrome-
try methods to the analysis of oligonucleotides has
recently been reviewed [4, 5]. The base composition of
DNA strands can be obtained from accurate mass
measurements of double stranded DNA [6]. Sequence
information can be obtained from both single and
double stranded DNA using tandem mass spectrometry
(MSn) [4, 5, 7–9]. Using several dissociation methods,
McLafferty and co-workers obtained complete se-
quence information for a 50-mer nucleotide and nearly
complete sequence information for a 100-mer [7]. Se-
quence construction algorithms have been used to de-
termine the primary structure of oligonucleotides up to
20-mers from low energy collisional activation spectra
[9]. In combination with solution-phase techniques,
such as the Sanger method, MS and MSn have been
used to verify sequences of DNA [4]. Mass spectrome-
try techniques have also been applied to the identifica-
tion of antisense [10], labeled [11], and posttranscrip-
tionally modified [12] oligonucleotides where other
methods are often unsuitable.
In ESI, gas-phase ions are formed directly from
solution. This makes possible the direct coupling of
mass spectrometry to solution-based separation and
amplification techniques, such as HPLC or PCR. For
example, Muddiman et al. demonstrated that sequence
information can be obtained from oligonucleotides after
amplification using PCR [13]. Noncovalent complexes
are often observed in ESI mass spectra if source condi-
tions are adjusted to minimize collisional activation in
the electrospray interface. Many studies on the interac-
tion of biomolecular complexes in the gas phase have
been reported, including DNA–protein [14] and DNA–
drug complexes [15] and DNA duplexes [16–19].
In the condensed phase, Watson–Crick hydrogen
bonding between guanosine–cytosine and adenosine–
thymidine pairs plays a fundamental role in the struc-
ture of DNA duplexes [20]. Recent results show that
Watson–Crick base pairing can be retained for short
duplexes in the gas phase (4- to 7-mers) [19]. This
conclusion was based partially on dissociation activa-
tion energies for several complementary and non-
complementary oligonucleotide dimers measured using
blackbody infrared radiative dissociation (BIRD). For
the complementary duplexes, the gas-phase activation
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energies were correlated to the binding energies in
solution.
The interactions between individual nucleobases
have also been extensively studied in the condensed
phase [20–24]. The binding energies of guanine–cyti-
dine have been measured in chloroform and dimethyl
sulfoxide using IR spectroscopy [20–23]. The structure
in DCCl3 and deuterated dimethyl sulfoxide solution
has been determined using NMR and in the solid phase
using X-ray crystallography [20, 23]. In these nonaque-
ous solutions and in crystalline form, guanine and
cytidine are Watson–Crick paired. Gas-phased dimer
formation enthalpies of derivatized nucleobases have
been measured. The energy for G z C is significantly
greater than that of any of the other pairs [18]. Ab initio
calculations have provided both binding energies and
structures of guanine–cytidine pair in the absence of
solvent [24–26]. However, the more rigorous calcula-
tions only include the nucleobase pairs and no phos-
phate and deoxyribose moieties. The binding energy of
the Watson–Crick pairs determined from Moller–
Plesset ab initio calculations are quite strong, 23.7 and
12.9 kcal/mol for G z C and A z T, respectively [24].
These values are in good agreement with those mea-
sured for derivatized nucleobases in vacuo [18].
Here, the dissociation kinetics and pathways of sev-
eral nucleotide dimers are investigated. Threshold dis-
sociation energetics are obtained using BIRD. From
these values, information about the structure of these
dimers is deduced. Molecular mechanics is used to
obtain low energy structures for all nucleotides. The
combination of both experiment and theory suggest
that Watson–Crick hydrogen bonding for the guano-
sine–cytosine pair is retained in the gas phase.
Experimental
Experiments were performed on a 2.7 tesla Fourier-
transform ion cyclotron resonance (FT-ICR) mass spec-
trometer that has been described previously [27]. The
DNA nucleotides, 29-deoxyadenine 59-monophosphate
(dAMP), 29-deoxycytidine 59-monophosphate (dCMP),
29-deoxyguanine 59-phosphate (dGMP), and thymidine
59-monophosphate (dTMP) were purchased from
Sigma (St. Louis, MO) and were used without further
purification. Gas-phase nucleotide anions were gener-
ated by electrospray ionization from 1024 M solutions
of oligonucleotides in 50:50 H2O:CH3CN at a flow rate
of 2 mL/min. The ions, generated at atmospheric pres-
sure, were introduced into the mass spectrometer
through a 0.50 mm i.d. heated stainless steel capillary
via a series of electrostatic lenses. Ions were accumu-
lated in the FT-ICR ion cell for 5–10 s. In order to
improve ion trapping efficiency, N2 was pulsed into the
ion cell region at pressures of ;1026 torr during ion
accumulation. Isolation of the desired precursor ions
was achieved using both single frequency rf and stored
waveform inverse Fourier transform (SWIFT) excita-
tion. The temperature of the vacuum chamber, which
establishes the blackbody radiation field, was con-
trolled using a heating blanket with a proportional
temperature controller (Omega, Stamford, CT, Model
4002A) and was monitored using four copper-constan-
tan thermocouples located around the ion cell. The
temperature difference between these thermocouples at
the highest temperatures used was less than 2 °C.
Mass spectra were acquired using an Odyssey Data
System (Finnigan-FTMS, Madison, WI) using a rf sweep
(1100 Hz/ms) for ion excitation prior to detection; 128 K
data points were collected. Dissociation rate constants
were obtained by performing a standard linear least
squares regression analysis of a plot of ln[[M]/([M] 1
S[F])] versus reaction delay, where M and F are the
precursor and fragment ions, respectively. Systematic
errors, which could be introduced from nonuniform
heating of the vacuum chamber and differences in the
detection efficiencies of different mass fragment ions,
are not taken into account.
Calculations
The master equation describes the time evolution of a
distribution of ions. The master equation can be solved
mathematically by representing the continuous distri-
bution of ions, N(E), at discrete values of energy, Ni(E).
This allows the master equation to be written in matrix
form [28]. At the low pressure conditions of the exper-
iment, the observed dissociation kinetics depend only
on the rates of radiative absorption, radiative emission,
and dissociation. Quantum computational methods are
used to obtain transition dipole moments and frequen-
cies which are used in the calculation of radiative and
dissociation rate constants. These rate constants or
coefficients are arranged into a square matrix or J
matrix (indicated by J):
dN# ~E!
dt
5 J z N# ~E! (1)
where the off diagonal elements of J, Jij, correspond to
the rate constants for transition between energy states i
and j and the diagonal elements, Jii, correspond to the
dissociation rate constant at energy state i. The solution
of the master equation is obtained by solving for the
eigenvalues of J using standard numerical techniques
[29]. The unimolecular rate constant (kuni) corresponds
to the largest eigenvalue of J. A more detailed descrip-
tion of the implementation of the master equation and
the modeling process is given elsewhere [30].
Low energy structures for the nucleotide dimers,
(dAMP z dTMP 2 H)2, (dGMP z dGMP 2 H)2, (dTMP z
dTMP 2 H)2, (dCMP z dCMP 2 H)2, (dAMP z
dAMP 2 H)2, and (dGMP z dCMP 2 H)2, were found
using internal coordinate conformation searching.
These searches were performed to see if Watson–Crick
or base stacked structures occur for the lowest energy
forms of the nucleotide dimers studied. Also, the lowest
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energy structures are used as initial structures for
calculations of vibrational frequencies and intensities
for these ions using quantum computational methods.
Initial structures were built in the nucleotide builder of
Macromodel (Columbia University, NY). Conforma-
tional searching using Monte Carlo and low mode
conformational techniques was performed using the
Amber94 force field [31]. This force field contains spe-
cific parametrization to model oligonucleotide intermo-
lecular interactions. Watson–Crick base pairing and
base stacking energies calculated using the Amber94
force field are closer to those values calculated using
MP2 (second order Moller–Plesset) level than those
calculated with semiempirical or other molecular me-
chanics methods [25, 26].
The PM3 semiempirical method [32] was used to
obtain vibrational frequencies and intensities for several
of the nucleotides. PM3 contains improved parameters
for phosphorous in comparison with AM1 and other
semiempirical methods. Full electronic structure opti-
mization was performed on (dGMP z dGMP 2 H)2,
(dTMP z dTMP 2 H)2, and (dCMP z dGMP 2 H)2 at
the PM3 semiempirical level using gamess [33]. Fre-
quencies and intensities were calculated. These spectra
were used to simulate the spectra of (dAMP z dAMP 2
H)2, (dCMP z dCMP 2 H)2, and (dAMP z dTMP 2
H)2, respectively, and were used in the master equation
modeling for these ions. The nucleotide dAMP is simi-
lar to dGMP in both structure and size and dCMP is
similar to dTMP. Small differences in the vibrational
spectra have little impact on the master equation mod-
eled parameters due to the wide range that these values
are varied in the modeling process. Thus, this should be
a reasonable approximation. Density functional struc-
tural minimization and vibrational calculations were
performed with Qchem v1.1 [34] using the EDF1 func-
tional at the 3-21G* level for dTMP. For the H3PO4 z
H2PO4
2 anion, frequencies and intensities were calcu-
lated using the 6-311G* basis.
Results and Discussion
Dissociation Pathways
The homodimers dissociate by two pathways; forma-
tion of the individual nucleotide ions, (X 2 H)2, (X 5
dAMP, dCMP, dGMP, dTMP) and formation of (X 1
HPO3)
2 (reaction 2a and 2b, respectively):
(X z X 2 H)23 (X 2 H)2 1 X (2a)
(X 1 HPO3)
2 1 (X 2 H2PO3) (2b)
[The z in (X z X 2 H)2 indicates a noncovalent bond.]
The heterodimers dissociate by the same two pathways
but the charge can be retained by either product (reac-
tions 3a–d),
(X z Y 2 H)23 (X 2 H)2 1 Y (3a)
X 1 (Y 2 H)2 (3b)
(X 1 HPO3)
2 1 (Y 2 H2PO3) (3c)
(Y 1 HPO3)
2 1 (X 2 H2PO3)
(3d)
where X z Y 5 dAMP z dTMP, dGMP z dCMP, dAMP z
CMP, dGMP z dTMP, and dAMP z dGMP. Reactions 3a
and 3b correspond to the cleavage of the noncovalent
complex into the two monomers and reactions 3c and
3d correspond to a cleavage of the P–O bond. The
fragment (X 1 HPO3)
2 is subsequently referred to as
dXDP. Dissociation spectra of the nucleotide dimers are
shown in Figure 1.
In order to determine which fragments are produced
directly from the parent ion, (X z X 2 H)2, double
resonance experiments were performed. In a double
resonance experiment, a fragment ion is continuously
ejected from the ion cell using a rf waveform that is
applied for the duration of the reaction delay. The
disappearance of other fragment ions in the double
resonance spectrum compared to the normal BIRD
spectrum indicates that the ejected ion is an intermedi-
ate for the formation of these ions. For the dTMP dimer,
a single frequency rf waveform (2.5 Vp–p) was applied
to the frequency corresponding to (dTDP 2 H)2. In the
double resonance spectrum, the abundance of (dTMP 2
H)2 is 67%. In the normal BIRD experiment, the abun-
dance of this ion 68%. This shows that (dTDP 2 H)2 is
not a significant intermediate in the formation of
(dTMP 2 H)2. Both (dTDP 2 H)2 and (TMP 2 H)2
are formed by parallel (independent) dissociation path-
ways. An addition experiment was carried out to verify
that dissociation of (dTDP 2 H)2 to (dTMP 2 H)2
does not occur. The (dTDP 2 H)2 ion was isolated for
120 s at 187 °C; no (dTMP 2 H)2 was observed (spec-
trum not shown). Similar results were obtained for the
other dimer ions.
In order to determine the effects of the nucleobase on
the dissociation of nucleotides dimers, experiments
were performed on the phosphate dimer, H3PO4 z
H2PO4
2. A dissociation spectrum of H3PO4 z H2PO4
2 is
shown in Figure 2. The primary dissociation process is
water loss to form a diphosphate (pyrophosphate) ion.
A structure and mechanism for the formation of this ion
is shown in Scheme 1. The nucleophile, H2PO4
2, attacks
the phosphorous in the H3PO4 molecule. In the transi-
tion state, a bipyramidal structure centered on the P
atom of the H3PO4 occurs. The mechanism proposed is
based on previous theoretical results of Wu and Houk
for the dissociation of H2PO4
2 to H2O and PO3
2 [35],
which indicate that the phosphorous in the transition
state is in a pyramidal geometry [35]. Water loss occurs
from intramolecular proton transfer within the H3PO4
molecule. A similar process occurs when single
stranded oligonucleotides are dissociated. Hettich et al.
[36] found that the fragmentation of AGCT by collision-
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ally activated dissociation results in the formation of
(wn 1 80) ions. The diphosphate functional group was
verified by further dissociation of (wn 1 80)
2 which
resulted in formation of P2O6H
2. Thus, the dissociation
mechanism for the formation of (X 1 HPO3)
2 from the
nucleotide dimer is likely to be similar to that of H3PO4 z
H2PO4
2 ion (Scheme 1).
Gas-Phase Acidities
The abundances of the individual nucleotide ions in the
heterodimer dissociation spectra depend on the relative
acidities of the nucleotides. From the abundances in
Figure 1, the relative acidities (DGacid) of the DNA
mononucleotides can be determined. The definition of
DGacid is given below:
AH3 A2 1 H1, DG 5 GA(AH) (4)
The dissociation of dCMP z dAMP2 results in greater
abundance of dCMP2 (33%) relative to dAMP2 (16%).
This indicates that the value of DGacid for dCMP is
Figure 1. Blackbody infrared radiative dissociation spectra of the
dimers (a) (dCMP z dGMP 2 H)2 (203 °C, 20 s reaction delay), (b)
(dAMP z dTMP 2 H)2 (176 °C, 15 s reaction delay), (c) (dAMP z
dCMP 2 H)2 (155 °C, 65 s reaction delay), (d) (dGMP z dTMP 2
H)2 (165 °C, 65 s reaction delay), and (e) (dAMP z dGMP 2 H)2
(165 °C, 30 s reaction delay). Noise peaks indicated by checkmark
and harmonic peaks indicated by an asterisk.
Figure 2. Blackbody infrared radiative dissociation spectrum of
H3PO4 z H2PO4
2 (172 °C, 150 s reaction delay). Noise peaks
indicated by checkmark.
Scheme 1
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lower than that of dAMP, i.e., dCMP is more acidic and
is a better proton donor. It is important to note that
dCDP2 and dADP2 are formed by independent disso-
ciation processes and that these ions do not subse-
quently dissociate to dXMP2. Thus, the relative abun-
dances of dCMP2 and dAMP2 directly reflect the
relative acidities of the corresponding molecules. Simi-
larly, the relative acidities of the nucleotides deter-
mined from the data in Figure 1 are dTMP , dGMP ,
dCMP , dAMP. Because of the lower DGacid of the
phosphate relative to the amide in the nucleotides, the
charge site is very likely to be on the phosphate [37].
However, the results here suggest that the interactions
with the nucleotide base can have significant effect on
the 59 phosphate acidity.
Recent ab initio calculations of Freitas et al. [37] and
experimental measurements of Armstrong et al. [38]
both indicate that the acidities (DHacid) of the nucleo-
bases are expected to increase in the order: A , G , T ,
C. However, these results are for the free bases. In
nucleotide form, one of the nitrogens is bonded to the
deoxyribose forming a glycosidic bond. When the ba-
sicity of the nitrogen which forms the glycosidic bond is
not considered, the ab initio results of Freitas et al. [37]
and Rodgers et al. [39] indicate that the ordering of
acidity (DHacid) is G , T , C , A. This ordering of
acidities is in better agreement with the results of this
work, except that G and T are interchanged. A possible
explanation for this difference is the intermolecular
solvation from the deoxyribose and phosphate that is
not present for the nucleobases. However, the similar
abundances of dTMP2 and dGMP2 indicates that the
acidities of the two molecules do not differ significantly.
Dissociation Energies
Dissociation spectra of the nucleotide dimers were
collected at temperatures between 163 and 220 °C and
at reaction delay times between 0 and 400 s. From these
kinetic data, a plot of ln([M]/([M] 1 S[F])) vs. reaction
time was constructed, where M is the precursor ion and
F is the fragment ions. Rate constants (kuni) are obtained
from the slope of these data at each of the individual
temperatures. An example of these plots for one of the
dimers, dTMP z dTMP2, is shown in Figure 3. The fits to
these data are linear (correlation coefficient . 0.98) and
have zero y intercepts at all temperatures. This indicates
that the energy distribution of the ions has reached a
steady state by the start of the reaction delay and that
these dissociations follow the expected first-order kinet-
ics.
Arrhenius activation parameters for the dissociation
of these dimers are obtained from a plot of ln(kuni) vs.
1/T. Figure 4 shows these plots for all the nucleotide
homodimers, and for dAMP z dTMP2 and dGMP z
dCMP2. The measured zero pressure preexponential
factors and activation energies obtained from the y
intercepts and the slopes of these data are given in
Table 1. The errors in these values correspond to the
standard deviations obtained from a least squares fit of
the data.
Both (X 1 HPO3)
2 and (X 2 H)2 fragment ions are
observed in the dissociation spectra of each of the
dimers (reactions 3a–d). Individual Arrhenius parame-
ters can be obtained for these independent pathways
from the branching ratio for these two processes. This
ratio corresponds to the ratio of abundances of (X 1
HPO3)
2 and (X 2 H)2. The branching ratios do not
depend on temperature within experimental error for
any of the dimers except dAMP z dAMP2. For this ion,
separate Arrhenius parameters for reactions 3a, b and
3c, d can be obtained. The Ea values are 1.27 6 0.06 and
1.10 6 0.06 eV and log A values are 12.0 6 1.1 and
10.5 6 0.6 for the respective pathways.
Figure 3. Blackbody infrared radiative dissociation kinetics data
for (dTMP z dTMP 2 H)2 fit to unimolecular kinetics at the
temperatures indicated.
Figure 4. Arrhenius plots for the nucleotide dimers: (asterisk)
(dAMP z dAMP 2 H)2, (filled circle) (dCMP z dCMP 2 H)2,
(filled square) (dGMP z dGMP 2 H)2, (filled triangle) (dTMP z
dTMP 2 H)2, (open triangle) (dAMP z dTMP 2 H)2, and (open
circle) (dCMP z dGMP 2 H)2.
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Master Equation Modeling
In BIRD, the relationship between the measured Ea and
threshold dissociation energy (E0) depends on several
factors, including the size and identity of the ion, the
value of E0, the temperature of the experiment and the
reaction delays used [30, 40]. The influence of these
parameters on the measured Ea are discussed in detail
elsewhere [30]. Under readily achievable experimental
conditions, large ions can equilibrate with the black-
body radiation field and have internal energies given by
a Boltzmann distribution. In this rapid energy exchange
(REX) limit, information about the dissociation activa-
tion energies and dissociation mechanism can be ob-
tained directly from the measured Arrhenius parame-
ters [30, 40]. For the ions investigated here, the values of
Ea are somewhat lower than E0. The reason for this is
that the ion population with energies above E0 is
somewhat depleted relative to that of a true Boltzmann
distribution. Small ions that are activated beyond E0
dissociate rapidly, causing the population above E0 to
be less than what is expected from a Boltzmann distri-
bution [41–46]. The true value of E0 can be obtained
from the experimentally measured kinetic data using
master equation modeling. In this modeling, microca-
nonical rate constants for radiative absorption (k1,rad),
radiative emission (k21,rad) and dissociation (kd) (de-







A2 1 B (5)
The rates of photon emission and absorption are deter-
mined from a state to state model using the Planck
radiation density, Einstein coefficients for stimulated
and spontaneous emission, and the occupation proba-
bility. The pertinent mathematical expressions are given
by Price et al. [45]. The values of the transition dipole
moments (m) and frequencies (n) used to calculate
Einstein coefficients are obtained using semiempirical
PM3 computational methods. The values of the transi-
tion dipole moments are multiplied by a scaling factor
to take into account errors in the semiempirical meth-
ods so that k1,rad and k21,rad reproduce those values
obtained from higher level calculations, e.g., Hartree–
Fock. Previous results have indicated that a scale factor
of 2–3 for polypeptides and small clusters is required to
reproduce ab initio calculations and properly fit exper-
imental results [42, 46].
To determine if these same scaling factors apply to
nucleotides, the vibrational frequencies and transition
dipole moments of thymidine 59-phosphate (dTMP)
were calculated using both semiempirical and density
functional theory. The transition dipole moments calcu-
lated at the semiempirical level had to be multiplied by
three in order to obtain the same absorption rates
calculated using values from density functional calcu-
lations (EDF1, 3-21g* basis). Due to the similarities in
structure of the other nucleotides, this same scaling
factor is expected to apply.
In the master equation modeling of the kinetic data,
three variables are adjusted; the threshold dissociation
energy, the transition dipole moment scaling factor, and
the transition state entropy or REX limit A factor. The
latter two values are varied over a wide range in order
to account for uncertainties in the radiative rates and
transition state entropies. The scaling factor used for the
transition dipole moments was varied between 2.5 and
3.5. This range should take into account errors in these
calculated values as well as effects of any collisions,
overtone frequencies, etc., that are not explicitly mod-
eled. For the phosphate dimer, the transition dipole
moments and frequencies were calculated at the DFT
level and these values were used in the master equation
modeling. The transition dipole moments were scaled
over a range of 0.8 to 1.3.
Microcanonical dissociation rate constants were cal-
culated using RRKM theory using semiempirical PM3
frequencies for all dimers except phosphate. The tran-
sition state frequencies were varied to bracket a range of
transition state entropies corresponding to REX limit A
factors between 1012 and 1018 s21. For dGMP z dCMP2,
the measured A factor was 1015.4 s21. For this ion, REX
limit A factors between 1015 and 1018.5 s21 were mod-
eled.
To illustrate the magnitude and relative values of the
rate constants for absorption, emisson, and dissociation
as a function of ion internal energy, these values for
dTMP z dTMP2 are shown in Figure 5. These values
were calculated using a transition dipole moment scal-
ing factor of 3, a REX limit A factor of 1015 s21, and a
temperature of 460 K. The rate constants for emission
and absorption are in units of photons/s. Also shown is
a Boltzmann distribution of ion energies at 460 K. At
higher energies where there is still a significant popu-
lation, values of kd are small but not negligible com-
pared to the values for the emission and dissociation
rate constants. This results in a depletion of the popu-
lation at these higher energies, i.e., the internal energy
distribution of dTMP z dTMP2 will not be Boltzmann
under these experimental conditions. Hence, master
equation modeling is required in order to obtain E0
from the measured kinetics.
The criteria for a fit to the kinetic data are that the
modeled Arrhenius parameters must be equal to the
experimental Arrhenius parameters within experimen-
Table 1. Zero pressure Arrhenius activation parameters for
dissociation of nucleotide and phosphate dimers
Species Ea (eV) Log A
dAMP z dAMP2 1.18 6 0.05 11.4 6 0.7
dCMP z dCMP2 1.22 6 0.06 11.5 6 0.8
dTMP z dTMP2 1.28 6 0.04 12.2 6 0.4
dGMP z dGMP2 1.26 6 0.09 12.2 6 1.1
dGMP z dCMP2 1.59 6 0.08 15.4 6 0.9
dAMP z dTMP2 1.17 6 0.04 11.5 6 0.5
H3PO4 z H2PO4
2 0.92 6 0.02 8.2 6 0.2
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tal error, and the modeled rate constants must be within
a factor of 2 of the experimental rate constants. An
illustration of this fitting for the phosphate dimer is
shown in Figure 6. The experimental data and two
modeled sets of data that represent the lowest and
highest E0 that will fit the experimental data are shown.
The value of the transition dipole moment scaling factor
and REX limit A factor used in both modeled data sets
are given in the Figure. The modeled REX limit Arrhe-
nius parameters for all of the dimers are given in Table
2.
Threshold Dissociation Energies
If the reverse activation barriers for these dissociation
reactions are negligible, then the values of E0 are equal
to the dissociation energies. The value of E0 for H3PO4 z
H2PO4
2 is 1.25 eV. The major fragmentation pathway
observed is loss of water (98%); dissociation to H2PO4
2
is only a minor process (;2%). Breaking a noncovalent
interaction should proceed through a “loose” transition
state. Thus, the binding energy of this dimer must be
greater than 1.25 eV. However, the competitive appear-
ance of H2PO4
2 in the BIRD spectrum indicates that the
binding energy of the dimer is only slightly greater than
1.25 eV. This is consistent with the results for the other
dimers for which the lowest value of E0 is 1.33 eV. This
would suggest that the phosphate–phosphate interac-
tions account for ;1.3 eV of the binding energy in these
dimers. For the nucleotides with value of E0 greater
than 1.3 eV, the remaining stabilization likely originates
from interactions of the nucleobases.
The values of E0 for each of the bases are indistin-
guishable within the reported error, with the exception
of dCMP z dGMP2. For this dimer, the value of E0 is
clearly higher than that of all the other dimers except for
dGMP z dGMP2, for which there is a small overlap due
to the large error range for dGMP z dGMP2. The
binding energy of dCMP z dGMP2 is approximately 0.5
eV (12 kcal/mol) higher than that of the H3PO4 z H2PO4
2
dimer. The increased stability of dCMP z dGMP2 is
likely due to hydrogen bonding between the bases. The
values of E0 for dGMP z dGMP
2, dCMP z dCMP2,
dTMP z dTMP2 are slightly greater than those for the A
containing nucleotide dimers, although the differences
are much less significant, due to the overlapping error
ranges.
Gas-Phase Structure
Molecular mechanics calculations were carried out for
each of the nucleotides. The ability to find low energy
conformers and reproduce actual equilibrium geome-
tries using molecular mechanics methods depends on
the accuracy of the force field used. The Amber94 force
field, based on the parameters of Cornell et al. [31],
accurately reproduces energies associated with base
stacking and Watson–Crick hydrogen bonding [24–26],
the dominant intermolecular interactions in nucleic
acids. The gas-phase interaction energies of Watson–
Crick and stacked nucleobases calculated using Am-
ber94 and MP2 (second order Moller–Plesset theory)
Figure 5. Calculated microcanonical absorption, emission, and
dissociation rate constants for (dTMP z dTMP 2 H)2. A Boltz-
mann distribution for (dTMP z dTMP 2 H)2 at 460 K is indicated
by the dotted line.
Figure 6. Arrhenius plots for the dissociation of phosphate
dimer H3PO4 z H2PO4
2. The solid line is the best fit to the data
(filled circle). Dotted and dashed lines represent master equation
fits to the experimental data with highest and lowest E0. The
transition dipole moment scaling factor used for each fit is
indicated.
Table 2. REX limit Arrhenius parameters for the nucleotide
dimers. The preexponential ranges used in the modeling are
given on the right
Species E0 (eV) Log A
‘
dAMP z dAMP2 1.35 6 0.14 11.5 2 15.5
dCMP z dCMP2 1.45 6 0.19 11.8 2 16.5
dTMP z dTMP2 1.49 6 0.18 12.6 2 16.5
dGMP z dGMP2 1.51 6 0.20 12.8 2 17.3
dGMP z dCMP2 1.76 6 0.08 16.5 2 18.5
dAMP z dTMP2 1.33 6 0.13 12.2 2 15.5
H3PO4 z H2PO4
2 1.25 6 0.04 13.4 2 15.0
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methods agree to within 1–3 kcal/mol [25]. MP2 is an
ab initio computational method that can be applied to
relatively small molecules but can provide a benchmark
for lower levels of theory that can be applied to much
larger molecules. The ability to find low energy confor-
mations also depends on the efficiency of searching the
conformational energy surface. The Monte Carlo
method used here is very good for finding the lowest
energy structure for molecules with up to 50 atoms
[47–49]. The ions investigated here are slightly larger
(65–70 atoms). Even if the global minimum is not found,
the lowest energy conformers obtained can provide
insights into structure.
Conformational searching was carried out to find
low energy structures for all six dimers. To determine if
the initial structure biases the results, both Watson–
Crick and two other initial structures were used for the
two heterodimers. In one structure, the molecules are
antiparallel, where the phosphate of one nucleotide
interacts with the nucleobase of the other. In the other
structure, the phosphates are in close proximity to each
other but the nucleobases are separated by a large
distance. For each of these starting structures, the same
final structure was obtained after conformational
searching. This indicates that the choice of initial struc-
ture does not influence the most stable structure ob-
tained.
The minimal structure found for dGMP z dCMP2 is
shown in Figure 7a. In this structure, all three hydrogen
bonds between guanine and cytidine are present in a
Watson–Crick configuration. The remaining intermo-
lecular interaction takes place between the negatively
charged phosphate and the neutral phosphates of the
nucleotides. This indicates that both Watson–Crick pair-
ing and solvation of the negatively charged phosphate
can occur simultaneously in this dimer. The observation
that the initial starting structure does not influence the
resulting most stable structure indicates that not only
should Watson–Crick base pairing be retained in the
gas phase, but that Watson–Crick base pairs between
dCMP and dGMP should actually form in the gas phase
given sufficient time and enough energy to overcome
local potential energy minima!
The minimal structure for dTMP z dTMP2 is shown
in Figure 7b. The most stable structure for this pair is
where the aromatic thymine bases face each other in a
so-called stacked arrangement. The bases are stacked in
the most stable conformer of dGMP z dGMP2 (Figure
7c) as well. The structure for dCMP z dCMP2 (Figure
7d) is unique in that there are several hydrogen bonds
between the nucleobases and phosphates. There is little
interaction of the nucleobases with each other in the
structures of dAMP z dAMP2 (Figure 7e) and dAMP z
dTMP2 (Figure 7f). Rather, the interaction between the
nucleotides in the dimer occurs almost entirely with the
phosphates of the nucleotides. Neither the lowest en-
ergy structure from mechanics nor any structures
within 3 kcal/mol of the minimal structure show that
Watson–Crick binding is favorable for dAMP z dTMP2.
The Amber94 results, which show that Watson–
Crick pairing is stable for dCMP z dGMP2, are consis-
Figure 7. Structures obtained from Amber94 molecular mechan-
ics/conformation searching for (a) (dGMP z dCMP 2 H)2, (b)
(dTMP z dTMP 2 H)2, (c) (dGMP z dGMP 2 H)2, (d) (dCMP z
dCMP 2 H)2, (e) (dAMP z dAMP 2 H)2, and (f) (dAMP z
dTMP 2 H)2. Hydrogens bonded to carbon are omitted for
clarity. Dashed lines indicate hydrogen bonds.
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tent with the high binding energy of dCMP z dGMP2
compared to the remaining nucleotide dimers. In addi-
tion, the dissociation entropy of a rigid structure (7a) is
expected to be higher than that for a molecule that is
more flexible (for example, the structure shown in
Figure 7e, f). This is consistent with the larger preexpo-
nentials needed to fit the kinetic data for dCMP z
dGMP2 compared to dAMP z dAMP2 and dAMP z
dTMP2 within the limits of the range of transition
dipole scaling factors used.
The trend in gas-phase stabilities for the nucleoside
dimers is similar to the trends in stability for nucleo-
tides in nonaqueous solution. In deutrochloroform, the
association constant of dA z dU is 100 times lower than
that of dC z dG and 10 times lower than that of dG z dG
[20, 21]. This is consistent with the order of gas-phase
binding energies reported here. Spectroscopic studies of
guanine and cytidine in nonaqueous solution strongly
suggests the existence of Watson–Crick base pairing
[20–23] as do gas-phase dimerization energies of deri-
vatized nucleobases measured previously [18]. Crystal-
lographic studies also show that Watson–Crick pairing
occurs for G z C, but not for A z U [20]. For dA z dU in
nonaqueous solutions, no preference for Watson–Crick
over Hoogsteen pairing occurs (Hoogsteen pairing in-
volves intermolecular bonds to the imidizole ring N
present in adenine) [20].
As discussed earlier, the dissociation energy for
dGMP z dGMP2 is higher than the dissociation energies
for the A containing nucleotides. Although this differ-
ence in dissociation energies is less significant when
statistical errors are taken into account (see Table 2), the
increased stability of dGMP z dGMP2 is consistent with
binding constants of the homodimers in nonaqueous
solution. The stability of the dGMP homodimers most
likely originates from dipole–induced dipole and dis-
persion interactions between the bases in a stacked
position. MP2 calculations of Hobza et al. indicate that
for guanine bases in the stacked position, the binding
energy is higher than that for any of the other stacked
nucleobases [25]. It is interesting to note that the me-
chanics/conformational searching results give stacked
low energy structures for the dimers that have E0’s of
approximately 1.5 eV in Table 2. For the dimers that
have E0’s of approximately 1.3 eV, the mechanics/
conformational searching results show little interaction
of the nucleobases. The results of the molecular me-
chanics calculations indicate that both Watson–Crick
pairing and stacking interactions occur in the gas phase
for several of the nucleotides.
Conclusions
The structures and dissociation energies of several
nucleotide dimers consisting of adenosine, cytosine,
guanosine, and thymidine were investigated using both
experiment and theory. With blackbody infrared radi-
ative dissociation, two dissociation pathways occur;
cleavage of noncovalent bonds resulting in the forma-
tion of individual dimers and cleavage of P–O bonds to
form [nucleotide 1 HPO3]
2 ions. From the measured
dissociation kinetics and master equation modeling of
these data, threshold dissociation energies are obtained.
For dGMP z dCMP2, the dissociation energy is signifi-
cantly higher than that for any of the other nucleotides
dimers. By comparison to the dissociation energy of the
phosphate dimer, increased stabilization of dGMP z
dCMP2, due to intermolecular interactions not associ-
ated with the phosphate–phosphate interactions, is es-
timated to be 0.5 eV (12 kcal/mol). This value is higher
than that of any other dimers, although dGMP z dGMP2
comes close. The greater dissociation energy for dGMP z
dCMP2 indicates that the Watson–Crick base pairing
remains intact in this dimer.
Similar results are indicated by molecular mechanics
calculations that show that the lowest energy structure
for dGMP z dCMP2 is one in which the bases form three
intermolecular hydrogen bonds in a Watson–Crick pair
arrangement. The final structure is independent of the
initial geometry used. This suggests that not only are
Watson–Crick base pairs for this dimer stable, but that
Watson–Crick hydrogen bonds can actually form in the
gas phase. In contrast, the dissociation energy of
dAMP z dTMP2 is approximately the same as that of the
phosphate dimer. This indicates that the dAMP z
dTMP2 simply forms a nonspecific ion–molecule com-
plex in which the two phosphates interact. This is
consistent with the lowest energy structure obtained
from molecular mechanics calculations in which the
two phosphate groups interact, but the bases do not.
The results from these gas-phase measurements and
calculations are consistent with results that have been
reported for nucleosides in nonaqueous solvents. In
chloroform and in solid form, guanine and cytidine are
Watson–Crick paired. The association constant for the
guanine dimer in chloroform is smaller than that for
guanine–cytidine but it is larger than the association
constants for all other nucleosides. In the gas phase, the
measured threshold dissociation energy of dCMP z
dGMP2 is slightly greater than that of dGMP z dGMP2
and both are greater than those of the other nucleotide
dimers. Molecular mechanics calculations indicate that
the Watson–Crick base pairing occurs for dCMP z
dGMP2 but not for the other nucleotides. These calcu-
lations also indicate that the dGMP z dGMP2 dimer is
base stacked. Thus, there appears to be a reasonable
correlation between the dissociation energies and struc-
tures in the gas phase and those in nonaqueous solu-
tion.
These results show that gas-phase measurements
and calculations can provide information about nonco-
valent biomolecule interactions in the absence of sol-
vent. By comparison to results in the condensed phase,
information on the role of solvent on biomolecule
structure and stability can be obtained.
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